Abstract-Focused Ultrasound Surgery (FUS) has been proposed as a noninvasive thermal therapy for diverse applications. FUS can generate a well-localized and fast rise of temperate that induces tissue coagulation. Recently, an in vivo real-time ultrasound-based monitoring technique that uses localized harmonic motion (LHM) to detect changes in tissues during FUS has been proposed to control the coagulation. This technique can potentially be used for targeting and post-treatment imaging. This will provide for an alternative imaging method to Magnetic Resonance Imaging which is currently the FDA-approved method for FUS treatment targeting and control. In the present study, we evaluated the feasibility of using LHM to detect changes in tissues stiffness and use it for FUS therapy targeting and follow up. A single-element FUS transducer (80-mm focal length, 100-mm diameter, 1.485 MHz) was used for inducing a localized harmonic motion. A separate ultrasound diagnostic transducer (5 MHz) was used to track tissue motion and the motion was estimated using cross-correlation techniques. Silicon phantom studies were performed in order to determine the hardness difference and size of inclusion that was possible to detect. On these phantoms, it was possible to detect inclusions as small as 4 mm. Seven New Zealand rabbits had VX2 tumors implanted on their thighs and LHM was induced and measured at the tumor region before and after FUS was carried out. LHM amplitude registered after FUS decreased all times and it was possible to detect lesions. Tumors were discerned from the surroundings as a reduction on LHM amplitude as compared to the surroundings. The sensitivity was low as well when small tumors were imaged.
INTRODUCTION
Focused Ultrasound Surgery (FUS) has been proposed as a noninvasive thermal therapy for diverse applications [1] . The tissues are treated by coagulation necrosis resulting from a localized temperature elevation. The only FDA-approved monitoring tool for FUS therapy nowadays is Magnetic Resonance because it offers an accurate way to control the treatment but unfortunately it involves a high cost [2] . Other FUS applications use more affordable imaging modalities like ultrasound to target tissues [3, 4] , relying on treatment parameters previously determined during simulations, animal and clinical studies.
Ultrasound imaging can be used to obtain tissue elastic properties. This is attractive for the detection of thermal damage and tumors because of the large changes in elastic properties in malignant and coagulated tissues. Different approaches have been proposed to visualize elastic properties of thermal lesions: acoustic radiation force impulse imaging [5] , vibro-acoustography [6] and sonoelastography [7] . Recently, the concept of localized harmonic motion (LHM) imaging has been described [8, 9] . The feasibility of using a real-time ultrasound-based monitoring technique that induces a localized harmonic motion (LHM) within the tissues to monitor and control FUS exposures has been recently validated in vitro [10] and in vivo in a tumor model [11] .
The present study proposes the use of the LHM technique as a tool for imaging and targeting FUS. We evaluated the feasibility of using LHM to detect changes in tissues stiffness in phantoms and in vivo tissues order to use it for FUS therapy targeting and follow up.
II. MATERIALS AND METHODS

A.
Localized Harmonic Motion (LHM) Induction A single-element FUS transducer with a central frequency of 1.485MHz, a focal length of 80 mm, a diameter of 100 mm, and 14-mm diameter central hole was used for the induction of the localized harmonic motion. This device produces a focused acoustic field with a full width at half maximum intensity of 0.8 mm In order to produce the motion the FUS transducer was excited at its central frequency by an amplitude-modulated signal with a modulation frequency of 75 Hz. The FUS transducer was excited with an average acoustic power of 30W.
B.
Displacements Tracking A separate circular single-element diagnostic ultrasound transducer with a central frequency of 5 MHz, a diameter of 20-mm, a focal length of 47 mm and 50% bandwidth at -3 dB in power (PZT 5, 1-3 piezocomposite, Imasonic, Besançon, France) was used to track tissue motion. The diagnostic transducer was mounted through the central hole of the FUS transducer and its focal volume was aligned to that of the FUS transducer using a needle hydrophone (0.075-mm diameter, Precision Acoustics, Dorset, UK).
The diagnostic transducer was excited by a pulser/receiver at a 5-kHz pulse repetition frequency. The received radiofrequency (RF) signal was first filtered using a band-pass filter with a lower cutoff frequency of 4.5 MHz and an upper cutoff frequency of 10 MHz to remove signal contamination generated by the FUS transducer. The RF signal was then amplified by a low-noise RF amplifier (0.2-400MHz MITEQ, New York, USA) and acquired using a digitizer card (ATS860, Alazartech, Canada). After acquisition of the RF signals, a digital notch filter was used to filter the 4 th , 5 th and 6 th harmonics of the FUS frequency.
The transducers were mounted on the arm of a motorized system and the imaging target was placed in front of the assembly. Figure 1 shows a schematic of the setup. The RF signal was obtained for a total duration of 7 times the period of the modulation frequency (70 Hz) while the FUS transducer was excited for 5 periods, leaving one period of no excitation before and after the excitation (see Figure 2 ).
Tissue displacements were obtained at the focus of the FUS transducer and were estimated using cross-correlation techniques over the acquired RF signals with a 3-mm window and 1.5-mm window shift. Figure 2 shows the displacements obtained at one of the inclusions during the LHM induction. The fast Fourier transform (FFT) was calculated on the displacements. Finally, the amplitude of the motion was obtained from the modulus of the FFT coefficient corresponding to the modulation frequency of 70 Hz.
C.
Phantom Room-temperature-vulcanizing (RTV) silicon (RTV6166, two-part silicone, Momentive Performance Materials, New York, USA) was used to make all the phantoms. Different proportions of Part A and B of the silicon were used to vary the hardness of the resulting phantom. The silicon mix was poured into a cylindrical mold of 200-mm diameter by 40 mm in height and heated at 100 °C for 1 hour to attain vulcanization. In order to create inclusions within the phantom, we introduced cylindrical glass rods at the centre of the mold before pouring the mix and the rods we extracted after vulcanization. Finally, a silicon mix at a different proportion was poured in the void and vulcanized to obtain a harder inclusion. For scattering purposes, acid-washed glass beads (particle size <106 µm, Sigma-Aldrich) at a concentration of 2% by weight were added to the silicon mix before vulcanization in both the main phantom and the inclusions. In order to determine the smallest inclusion that was possible to detect, a first set of phantoms was imaged where the diameter of the inclusion was varied from 2 to 8 mm. Part A to Part B silicon proportion was 20:80 for the inclusions and 40:60 for the surrounding silicon.
A second set of phantoms was imaged to evaluate the feasibility of detecting multiple inclusions. Part A to Part B silicon proportion was 20:80 for the inclusions and 40:60 for the surrounding silicon. Groups of two and four inclusions of 5 mm in diameter were made with varying spacing between them.
D.
Phantom Image Formation In order to obtain an image of the phantom we moved the transducers assembly to obtain a raster grid of LHM displacements at different locations (following axes X and Y in Figure 1 ). LHM displacements were induced at each location of a 40x40 mm grid with spatial steps of 1 mm. The final LHM amplitude value was obtained as the average of 5 repetitions at each grid point.
E.
In Vivo Experiments After ethics approval for animal experimentation (Sunnybrook Animal Care Committee), seven New Zealand White rabbits (male, average weight 3.5 kg) were injected with VX2 cells in either one or both thighs (1x10 6 cells diluted in 0.6 ml of phosphate-buffered saline). One week after injection, each animal was anesthetized using a mixture of ketamine (50 mg/kg) and xylazine (10 mg/kg), and then laid on top of a water tank in a lateral, decubitus position with its depilated thigh in front of the transducers assembly and in contact with the water bath. The anesthetic dose injection was repeated approximately once per hour.
A total of 9 tumors were imaged. The animal was imaged with a magnetic resonance imaging scanner (3-Tesla, GE Healthcare) to locate the tumor. The transducer assembly was then positioned at the same location and a LHM scan was obtained. The animal was sacrificed after the imaging using pentobarbital sodium (2ml/4.5kg).
To obtain a LHM image, the tissue motion was induced at each point of a 21x21 grid at 1-mm steps. At each point of the grid, measurements of the LHM amplitude were obtained 5 times. The final result for the images was the average of the LHM amplitude obtained for the 5 repetitions.
III. RESULTS
A.
Phantoms It was possible to detect individual inclusions as small as 4 mm. Figure 3 shows an image for the smallest single inclusion that could be detected. The inclusion diameter was 4 mm. On the images distinct inclusions were observed as a reduction on the obtained LHM amplitude at the inclusion compared with the surroundings. Table I shows a summary of measurements obtained for all phantoms with inclusions compared with the expected values. The number (#) and diameter (φ) of the inclusion, the distance (D) between the centre of the inclusions and the area of an inclusion were estimated and measured on the images. For some cases the inclusion was not visible (NV) or distinct inclusions were not depicted and it was not possible to obtain the value of D.
B.
In Vivo Experiments Figure 5 shows the in vivo image of one of the tumors and the MR image obtained at the same location. The MR image was obtained on a coronal plane parallel to the transducer surface. 
IV. DISCUSSION
This study demonstrates the feasibility of using LHM in order to obtain images that can depict differences is hardness of the target.
It was possible to depict differences in hardness on phantoms and tissues as small as 4 mm in diameter. This shows the potential of using LHM amplitude as an imaging tool.
For the phantom studies the LHM was induced and measured in grids that were repeated 5 times. The observed small standard deviation indicated that results were reproducible. However, for in vivo experiments, this repeatability was more challenging and we had to induce the LHM five times at the same location before moving to the next in order to reduce the variability. This was explained by possible small movements from the animal between two grids since the whole acquisition could take up to 15 minutes per grid.
The main source of error for the technique came from any changes in the RF signal that cause de-correlation. These include out-of-plane movements while inducing the LHM and acoustic noise generated by the FUS transducer. By acquiring at high PRF the de-correlation can be minimized as very small movements are tracked every time. In addition, relatively short measuring times (100 ms) made the technique less sensitive to large and usually slower movements like breathing, blood flow and digestive tract. However, if the technique was to be used in fast-moving organs, tissues movements could be an issue and should be studied.
The diameter and area of the inclusions were generally overestimated in the images. In the phantoms the inclusions were observed as being perfectly adhered to the surroundings. The regions in the phantom that were attached to the inclusion could not move as the rest of the phantom and this showed as lower amplitude in the obtained LHM amplitude for the boundaries.
When pouring the phantom, care was taken to keep the mix homogeneous in order to obtain a uniform value on the displacements. However, when the rods were extracted to pour the inclusion it was difficult to avoid some cracks in the phantom. When the harder mix was poured it filled the cracks and this can be observed for some images as small areas with lower LHM amplitude.
Experiments were performed with a laboratory system, thus an optimized system should perform better with reduced noise. A specific design of FUS and diagnostic transducers to avoid noise between them should improve the performance. As well, ameliorating the filtering and processing should help obtaining higher quality images.
